An improved column averaged concentration (X) of greenhouse gases (GHGs) namely CO 2 , CH 4 , CO and N 2 O are retrieved using ground-based Fourier Transform Infrared (FTIR; model 20 IFS125M) Spectrometer data collected at Atmospheric Science Lab (ASL) of National Remote Sensing Centre (NRSC), Shadnagar, India during 2016 period in clear sky days. Indium Antimonide (InSb) detector and Calcium Fluoride (CaF 2 ) beam splitter in combination with the spectral range between1800 cm -1 to 11000 cm -1 (5.50 μm to 0.90 μm) with 0.01 cm -1 spectral resolution (∆ν) are set for the present study. Atmospheric transmittance for each gas was 25 computed using PcModWin6 (MODTRAN v6) and compared against measured spectrum. In this study, spectra are analyzed using non-linear least squares spectral fitting algorithm (GFIT) developed by the California Institute of Technology, U. S. A. The Total Carbon Column Observing Network (TCCON) identified standard spectral windows were selected for retrieving the GHGs over the study site. With the present retrieval scheme, precision of the FTIR achieved 
Introduction
Emission of greenhouse gases (GHGs) such as carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) have largely increased in the atmosphere since pre-industrial time due to anthropogenic activity (Stocker et al., 2013) . CO 2 concentration is increasing in the atmosphere consistently since pre-industrial time and even it has crossed 400 ppm concentration in the -1 over the last three decades (IPCC, AR5). Atmospheric carbon monoxide (CO) is one of the ozone precursor gases, which also acts as an important GHG due to its significant role in the OH radical 60 production (Crutzen and Zimmermann, 1991 ). CO gas is mainly emitted due to incomplete combustion from urban/industrial fossil-fuel, biofuel use and biomass burning. Atmospheric CO is also a sever pollutant thus plays an important role in examining the effect on air quality due to local and transported sources.
To know comprehensive understanding about source and sinks of GHGs requires accurate 65 measurements with adequate spatial coverage. Current knowledge on GHG effect on climate change is mostly supported by surface based observations and also model simulations (Petri et al., 2012) . Besides surface observations, column (X) measurements are also more reliable towards GHGs representation over a region, observed from the satellite platform. Global measurements on column CO 2 are especially important to understand the sources and sinks in 70 regional level (Yokota et al., 2009 developed line-by-line radiative transfer algorithm (LBLRTA), which lead to coarse precision and accuracy. Objective of the present study is to report improved dry column-averaged concentration of CO 2 , CH 4 , CO and N 2 O using nonlinear least squares spectral fitting algorithm (GFIT-2014) obtained from the JPL/California Institute of Technology (Caltech). In this study, we retrieved XCO 2 , XCH 4 , XCO and XN 2 O in the TCCON identified standard retrieval spectral 110 windows while aiming to meet global accuracy and precision. Present study also compared OCO-2 retrieved XCO 2 and MOPITT retrieved XCO against ground-based FTIR retrievals over the study region.
Data measurement
Solar spectra are obtained under cloud free environment using ground-based remote sensing 115 FTIR instrument (Make: Bruker Optiks, IFS125M model) installed at Atmospheric Science Laboratory (ASL) of NRSC, Shadnagar, India. The FTIR spectrometer is coupled with a solar tracker to track the sun for observations during clear-sky conditions. Spectra are acquired at spectral resolution (∆ν) of 0.01 cm -1 and optical path distance (OPD) of 90 cm with varied SZA during the study period to obtain the representative atmospheric signal over the study region. Figure 1 , the IFS125M spectrometer is optimized for solar measurements in near-infrared (NIR) region using Indium Antimonide (InSb) detector and Calcium Fluoride (CaF 2 ) beam splitter covering spectral range from 1800 cm -1 to 11000 cm -1 (5.50 μm to 0.90 μm). Wang et al. (2017) reported the root mean square error (RMSE) of fitting residuals of Indium Gallium Arsenide (InGaAs) spectra are small compared to those of InSb spectra.
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Precision of the InGaAs is about two times better than the InSb. In this study, we utilized 50 days clear sky solar data collected during January 2016 to May 2016. During clear sky days, instrument was operated from 10:00 hours to 16:00 hours local time at spectral sampling rate of 5 minutes. Although DC recorded interferogram minimize the effect of source brightness fluctuation due to changes in the atmosphere (Keppel-Aleks, 2007), in the present study,
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IFS125M is not enabled to DC signal. However, each day observations with internal NIR source's amplitude of 20,000 and the position of interferogram assured high quality recording of solar spectra. This is a proxy to check the instrument alignment and direct checking by the cell measurements filled with known pressure and temperature. The stable instrument line shape is an important parameter in ground-based FTIR data retrievals (Hase, 2012). The alignment of the 140 IFS125M at ASL is checked with N 2 O gas cell measurement (Mahesh et al., 2017) . At the ASL, a log book entry is maintained to note down the cloud condition and other environmental parameters including temperature and humidity inside the FTIR room for subsequent quality checking of the observed data. Table 1 .
Geographical features of the study location (Longitude, Latitude and Altitude) along with automatic weather station measured meteorological parameters are supplied to the GFIT forward 155 model to obtain high precision retrievals (Tran et al., 2010) . Pressure, temperature and humidity profiles from the National Centers for Environment Prediction (NCEP) were used, and the a priori profiles were obtained from the Whole Atmosphere Community Climate Model (WACCM). Atmosphere is represented by 70 pressure levels in the line-by-line GFIT code. Absorption coefficients, which are pressure and temperature dependent calculated line-by-160 line for each absorbing species at respective spectral band. In this study, WACCM and NCEP generated near real time a priori profiles are iteratively scaled to compute the vertical column density (VCD) with optimum RMSE. Causative factors of retrieval uncertainties include model generated a prior profile information of the site and local meteorological parameters besides 
where n is the total number of molecules in the column, Z S and Z T represents altitude at surface and top of the atmosphere. In this study, VCD is integrated from sun tracker height (0.54 km above mean sea level height) to 70 km. Column averaged-dry concentration of GHG, known X (gas) is computed using VCD (gas) in surface pressure. Compared to VCD, X (gas) reduces the system error sources that effect target gas and O 2 (Washenfelder et al., 2006) . X (gas) is the final representation of columnar retrievals from the FTIR data.
Results and Discussion
Measurements of direct solar spectra are obtained using ground-based remote sensing FTIR Table 1 . The final VCD (GHGs) is the average of all respective spectral windows. Dry column-averaged concentrations of GHGs were computed using Equation 4. Hourly and daily VCD (O 2 ) during the study period is shown in Figure 2 , which was further used to compute X (GHGs). In the present retrieval, 185 mean X (air) value for current measurement site is about 0.97±0.007, which is typically about 0.98 for TCCON measurements and exhibits a small diurnal variation During the study period, VCD (O 2 ) along with GHGs are retrieved at 5 minutes interval and averaged to hourly for understanding of diurnal of total column observations. Retrieved hourly and daily mean VCD (O 2 ) over the study area are 4.21˟10 24 
4.1.Diurnal and seasonal variation of dry column-averaged GHGs concentration
During the analysis procedure, around 3 % cloud contaminated solar spectra are manually removed based on log book entry on cloud condition at the ASL. Figures 3, 4a as boundary layer height, photosynthesis activity and anthropogenic sources (Sreenivas et al., 2016) . Since the present study site is also surrounded by a few small scale industries, emissions from local anthropogenic sources could influence GHGs. Thus, high precision dry columnaveraged concentrations play an important role to understand the regional source and sinks besides surface based observations.
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Monthly averaged dry column-averaged concentration of CO 2 , CH 4 , CO and N 2 O are shown in Figure 5 . Observed ~3-5 ppmv seasonal amplitude in the XCO 2 during the winter (JanuaryFebruary) and pre-monsoon (March-May). Less XCO 2 was observed in winter compared to premonsoon, which could be due to less CO 2 assimilation by decreasing temperature and solar radiation in winter (Gilmanov et al., 2004) . The XCH 4 exhibits little to moderate seasonality 220 from winter to pre-monsoon with maximum amplitude change of ~0.015 ppmv. Dry columnaveraged CO concentration shows relatively large seasonality across the study period, with amplitude of variation about 29 ppbv. This variation may be associated with day to day emission of CO from fossil fuels, biomass burning and chemical production. The XN 2 O shows similar seasonality like XCH 4 with little to moderate seasonal variation. 1 % maximum deviation in 225 XN 2 O is observed during the study period. Details of the spectra and time acquisition along with monthly mean of VCD (GHGs) and X (GHGs) are shown in Table 2 
4.2.Comparative analysis between FTIR and Satellite retrievals
Present study reports preliminary comparative analysis between ground-based FTIR retrieved 230 XCO 2 and VCD (CO) against OCO-2 retrieved XCO 2 and MOPITT retrieved VCD (CO) during the study period over the study site as shown in figure 6 . The OCO-2 is first Earth-orbiting polar, MOPITT is a nadir sounding instrument aboard the Terra satellite with a ground resolution of 22×22 km. MOPITT sense IR radiation emitted from the surface and measures total columnar CO with a correlation radiometer at thermal IR-NIR of 2.30 μm. MOPITT crosses equator at 
Conclusions
The IFS125M FTIR spectrometer is operated at ASL, Shadnagar, India since March 2014. bias) from OCO-2 retrievals, which will be our future focus of work on improvements.
The present work is the continuation of our earlier wok (Mahesh et al., 2016; Mahesh et al., 2017 ) to achieve better retrievals accuracy of the GHGs based on FTIR observations. With the present study and improvements in future retrievals, ground-based columnar measurements will be decisive for validating the satellite retrievals and also to estimate accurate source and sinks of 285 the region.
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